The new products obtained from natural resources are an alternative to methods based on traditional mineral fertilizers, which are destructive for soil mycorrhizal communities. Our experiment was carried out to evaluate the effect of organic fertilizers and amendments of very diverse composition on mycorrhizal abundance and diversity, as well as on root growth, in strawberry plants cv. "Honeoye". The plants were grown in rhizoboxes filled with a podsolic soil. The plants were treated with granulated bovine manure, vermicompost extract, humates extract, plant extract, extract from seaweed species reinforced with humic and fulvic acids, a consortium of beneficial soil organisms, a stillage from yeast production and a solution of titanium. Plants treated with products and the microorganisms consortium also received half dose of manure. A standard mineral fertilization (NPK) and an unfertilized control were also included. The bioproducts based on humus-like substances and the yeast stillage had the greatest positive influence on the colonization of roots by arbuscular mycorrhizal fungi (AMF). The different treatments affected the diversity of AMF species present in the rhizospheric soil. All organic products, even though providing a significantly low amount of nutrients, enhanced root growth characteristics in comparison to the mineral fertilization.
Introduction
The utilisation of products of organic origin in agriculture, especially fertilizers and soil amendments, has increased in the last years. The search for new resources of organic fertilizers for a modern environment-friendly agriculture, including organic farming, derives from the limited availability of traditional ones, such as manure. There is also the need for limitation of use of synthetic fertilizers, which have been found to induce disturbance to soil characteristics (acidification, degradation of soil biota) [1] [2] . Environment-friendly sources for the production of organic fertilizers include plant or animal tissues extracts, humic products, some food industry byproducts, microbial and fungal inocula [3] . These preparations are generally classified into three major groups on the basis of their original matrix: humic substances, marine bioactive substances, and amino acid containing products [4] . They contain macro and micro nutrients, low molecular weight molecules and diverse biologically active substances (e.g. plant hormone-like substances, enzymes, vitamins, etc.) that strongly interact with the physiology of the plant and stimulate plant growth and yielding, also increasing plant resistance to environmental and biotic stresses [5] - [7] . These products have also positive effects on soil biota, including arbuscular mycorrhizal fungi [8] [9] . Enrichment of fertilizers with bacterial and fungal strains could enhance their effectiveness in plant production [10] .
Arbuscular mycorrhizal fungi belonging to the phylum Glomeromycota are the most widespread group of symbiotic fungi, with 80% of land plants forming AMF symbiosis [11] . The fungi obtain and utilize the products of photosynthesis from their host, and deliver several soil nutrients to the plant root system, particularly phosphorus [12] . Strawberry is an economically important fruit crop species with very high demand of phosphorus and symbiosis with AMF is considered a very important mechanism of nutrients uptake both in intensive and low input crop systems [13] - [15] . Several authors found a certain degree of strawberry root colonisation by indigenous AM fungi [16] - [18] and their beneficial effects on plant growth or yielding were described by several publications [19] - [21] . However, in some cases negative effects of mycorrhization were also reported [22] [23] .
AMF can play an important role in compensating for reduced use of chemical fertilisers and improving soil nutrients utilization in organic agriculture or other low-input agricultural systems [12] [24] . However, little is known about the influence of organic fertilizers deriving from new sources and matrixes on the root colonization of strawberry plants. We have thus evaluated the effect of the application of different foliar and soil organic fertilizers and amendments on mycorrhizal colonization, diversity and abundance in the rhizosphere of strawberry plants "Honeoye" and their relation to root growth.
Material and Methods

Experimental Set-Up
The experiment was carried out in a greenhouse over a 5-month period with the use of frigo-plants of the strawberry cultivar "Honeoye". The plants were planted in rhizoboxes (37 × 1.8 × 20 cm), filled with 1.85 kg of a podsolic soil collected from an uncultivated field of an experimental organic orchard of the RIH. Five rhizoboxes, each containing two plants, were used as replications for each treatment. The plants were subjected to the following growing conditions: photoperiod 16/8 h (day/night), light intensity 70 µM•m −2 s −1 , temperature 25/20˚C and air humidity approx. 50% [14] . The levels of nutrient elements in the soil were: organic matter 1.5%, P 51 mg/kg, K 158 mg/kg, pH 5.5.
The following experimental treatments were applied: 1) Control (no-treatment). 5) An extract from a vermicompost (Humus UP) (Ekodarpol)-25 ml 2% solution per rhizobox distributed 3 times.
6) A soil improver with humates (Humus Active) (Ekodarpol)-20 ml 2% solution of Humus Active and 5 ml 1% solution of Aktywit PM per rhizobox distributed 3 times.
Foliar fertilizers:
7) A seaweeds extract reinforced with humic and fulvic acids (BF Quality) (Agrobio Products B.V.)-25 ml 0.5% solution sprayed to the leaves three times + 0.5 g manure to the soil per rhizobox. 8) A plant extract enriched in amino-acids (BF Amin) (Agrobio Products B.V.)-25 ml 0.5% solution sprayed to the leaves three times + 0.5 g manure to the soil per rhizobox. 9) Titanium (Ti) 0.8% (Tytanit) (Intermag)-25 ml 0.05% solution sprayed to the leaves three times + 1 g manure to the soil per rhizobox.
10) A stillage from bakery yeasts production (Vinassa) (Lallemand Polska)-25 ml 0.5% solution sprayed to the leaves three times + 0.5 g manure to the soil per rhizobox. The amount of the nutrient macroelements provided with each treatment is presented in Table 1 .
Determination of Mycorrhizal Frequency
In order to asses mycorrhizal frequency, strawberry roots were collected at the end of the growing period (five months after inoculation) and cold-stained using the Phillips and Hayman method [25] as modified by Turnau et al. [26] . In particular, first phase-bleaching with 10% KOH were carried out for 24 hours. Next phase-acidification with 5% lactic acid were also carried out for 24 hours. Staining was performed with 0.01% aniline blue per 24 hours. After staining roots were rinsed with tap water [27] .
The microscopic analysis of the roots was carried out according to Trouvelot's method [28] . Thirty 1-cm-long root segments were selected randomly from each of the stained samples. The segments were examined under a Nikon Eclipse E200 microscope. The mycorrhizal frequency (F%) and mycorrhizal intensity (both relative-M%, and absolute-m%) were assessed in each root segment. The mycorrhizal parameters were calculated using the Mycocalc software (http://www2.dijon.inra.fr/mychintec/Mycocalc-prg/MYCOCALC.EXE).
For each experimental treatment three replicates were analyzed, constituting in total 90 root segments.
AMF Spores Counting and Identification
In order to identify the species of arbuscular mycorrhizal fungi present in the rhizospheric soil of strawberries, trap cultures were set up with narrowleaf plantain (Plantago lanceolata L.). The plants were planted in 0.5 l pots (3 repetitions per treatment) filled with a mixture of strawberry rhizosphere soil and autoclaved sand, at a ratio of 1:1 v/v [29] . The pots were placed in SunBags (Sigma) and maintained at an air humidity of approx. 70% and at a soil humidity of about 40% of the soil water holding capacity, and watered weekly with deionised water to maintain soil moisture. The pots were placed in a glasshouse in a randomised design. Glasshouse temperature was maintained under a 25/20˚C day/night regime. After a six-month growing period 200 g samples of the pot substrate were taken from the trap cultures combinations, and spores were isolated by wet sieving and centrifuging in a sucrose gradient (at 20% and then at 60%) [30] . The isolated spores were used to prepare microscopic specimens which were assessed for identification purposes considering their size, shape, colour, and the number and thickness of layers of spore walls [29] [31]. The shape and size of spores were determined on at least 50 intact spores mounted in a drop of water or lactic acid placed on a microscope slide. The dimensions were determined using a light microscope equipped with an ocular micrometer. The thickness of layers of spore walls and germination walls was measured in spores freshly isolated and crushed in PVLG or PVLG + Melzer's reagent (1:1 v/v), and observed under a light microscope equipped with a micrometer eyepiece [29] . The observed AMF species were named according to Schüßler and Walker [32] and Błaszkowski [29] .
Determination of Strawberry Root Growth and Morphological Parameters
At the end of the growth period, strawberry root dry weight was determined in accordance with the analytical procedure developed by Ostrowska et al. [33] . Root morphological parameters (total root length, root diameter, root surface area, root volume and total number of root tips) were measured by an image analysis system with an Epson scanner controlled by WinRhizo software (Regent Instruments Inc.). The degree of branching of the root system was calculated as the ratio between the total number of roots and their total length [34] .
Statistics
The results were statistically evaluated by analysis of variance. Comparisons of means were done at p ≤ 0.05 with the Duncan test. To compare the genetic diversity of mycorhizal species (mycorrhizal population numbers), the Shannon and derivative Equitability indexes were calculated using the PAST program. Pairwise correlations between mycorrhizal Frequency (F%), Shannon index diversity, root growth and morphological parameters of strawberry plants were carried out using non-parametric Spearman rank statistics testing at p < 0.05. A Principal Component Analysis (PCA) was carried out on the mean number of spores per sample occurring in the roots of strawberry plants grown in rhizoboxes, treated with the mineral fertilizer (NPK) and the different soil and foliar fertilizers with the aim to identify relationships among the treatments and the abundance of spores. A PCA was carried out also considering the amount of nutrient elements provided with the different treatments, mycorrhizal frequency, diversity index (H') and morphological root parameters with the aim to identify latent relationships among them. These analyses were performed with SPSS statistics (version 21, IBM corporation).
Results
Mycorrhizal Frequency in Strawberry as Affected by Fertilization Treatments
The highest value of mycorrhizal frequency (F%) was obtained for the treatment with the humate-based product (Humus Active: 38.89), followed by the vermicompost extract (Humus UP: 31.11), the yeast stillage (Vinassa: 29.21) and the microorganisms consortium (Micosat: 26.67) ( Table 2) . Vinassa induced also the highest values Table 2 . Mycorrhizal frequency (F%) and mycorrhizal intensity (both relative-M%, and absolute-m%) determined in the roots of strawberry plants "Honeoye" grown in rhizoboxes treated with different mineral and organic fertilizers (means of 90 replicates; different letters within the same parameter indicate statistically significant difference p ≤ 0.05). 
Spore Counting and Biodiversity
The highest number of species of AM fungi was found in the treatment with manure (4 species), followed by the treatments with Humus Active, Tytanit and Vinassa (3 species) (Figure 1) . The remaining fertilizers, including the zero control and the control fertilized with NPK, only two species of AM fungi were found. The most frequently found species, present in all the treatments, was Claroideoglomus claroideum (N. Table 3 ).
The production of spores in rhizospheric soil was statistically different only in the treatment with Humus Active ( Table 4 ). All other treatments with organic fertilizers showed a trend in inducing a larger numbers of spores in comparison with the treatment with the mineral fertilizer (NPK), but it was not statistically significant. However, when pooling the averages of the spores produced by a group of species, irrespective of the number of treatments considered, it emerged that the two groups formed by Claroideoglomus claroideum and Funneliformis mosseae alone or with Rhizophagus fasciculatus formed a significantly higher number of spores in comparison to the other groups of species (Figure 1) .
The diversity index H resulted with a value higher than 1 for the control and the treatments with soil fertilizers, except manure alone which showed a value lower than 1 ( Table 5 ). All foliar treatments receiving also some manure (Tytanit, Vinassa and BF Amin) showed a similar reduced H value, with the exception of BF Quality. The equitability index J varied more, with all foliar treatments having a value lower than the control and the soil treatments higher than control, with the exception of manure alone ( Table 5) .
The two first components of the PCA on the effect of the different treatments on the number of spores resulted in a more than 70% description of the total variance (Figure 2) . The products grouped into four groups. One 
Effect of Fertilizers on Root Parameters
All organic fertilizers affected the growth and morphology of roots ( Table 6 ). The highest dry weight of roots was obtained in the plants treated with Humus UP, while the lowest was induced by NPK and BF Amin; all other treatments showed an intermediate growth, similar to the control. Among the soil fertilizers, the application of Micosat and Humus UP promoted a good development of the root system with plants showing the highest surface area, volume, total length and number of root tips. BF Amin was instead the product inducing the smallest root development, showing almost always the lowest value for the root growth and morphological parameters. The other products showed generally an intermediate effect, affecting in different way the parameters measured, Table 6 ). The PCA evaluating the relations among the nutrients provided by the different treatments and the mycorrhizal and morphological root parameters showed a striking separation of the different parameters (Figure 2) . The nutrients grouped opposite from the mycorrhizal and root parameters, suggesting a negative relation between these parameters. The frequency of mycorrhizal colonization grouped together with root surface area and diameter, while the other morphological root parameters formed a third separate group together with the diversity index.
Discussion
The treatment of the soil and strawberry plants with products based on very different substances (microbial inocula, seaweed or plants extracts, humic extracts, animal manure) exerted a very diverse effect on AMF inoculation, sporulation, AMF diversity and root growth.
The plants treated with the products containing humic extract (Humus Active, Humus UP) showed a very high colonization ratio (Table 3 ) and high root growth ( Table 6 ). Gryndler et al. [35] found that humic substances stimulated root colonization and production of extraradical mycelium by Glomus claroideum (currently classified as Claroideoglomus claroideum) in a hydroponic system. Humic substances, similar to those of Humus UP, can be taken up by plants and actively modify the plant metabolism, promoting nutrient uptake or acting as hormone-like substances [36] . The higher growth could thus also be induced by the higher rate of macro-and micro-nutrients acquisition by plants treated with humic substances [37] [38] .
Application of the seaweed extract (BF Quality) or plant extract (BF Amin) did not give positive effect on total root colonisation by AMF ( Table 3) . Low AMF colonization rate was observed by [9] when passion fruit plants were treated with seaweed Gracilaria verrucosa extract, while this extract stimulated root colonization in papaya. Seaweed active compounds can stimulate AMF hyphae growth in vitro [8] and enhance plant root colonization when applied into soil [8] [39] , but it was shown that some substances present in seaweed can also inhibit AMF hyphae growth [40] . Kahydrin is a derivate of the vitamin K normally present in seaweed extracts; its exogenous application induced the acidification of rhizosphere [41] which can affect root colonization rate by AMF [42] [43] .
The stillage derived from the yeast production (Vinassa) had the greatest positive influence on the colonization of strawberry roots by AMF. The product is rich in yeast cell components, including several aminoacids and other compounds (e.g. betaine) which are released by the yeasts during their growth. Singh et al. [44] reported that yeasts or just their soluble exudates stimulated the percentage of soybean roots colonized by AMF and also the percentage of spore germination and hyphal growth [45] . This occurred particularly when the yeasts were inoculated as an aqueous solution. similarly to the method applied in the trial of ours. All the three products, being alkaline, induced also a significant increase of the rhizosphere pH ( Table 6 ). Application of the yeast stillage Vinassa, which induced the higher rhizosphere pH, increased also AMF species diversity in the rhizosphere. Liming acidic soils tends to increase mycorrhizal population density and may result in a change in species dominance [46] [47] . On the other hand, a pH closer to neutral seems not to affect the AMF species present [48] [49] .
Fertilization with NPK and Manure significantly reduced mycorrhizal frequency. Use of readily soluble fertilisers, particularly N fertilisers, as well as P fertilizers, has been reported to have a negative impact on AM colonisation and/or diversity in some cases [50] - [54] . The latter effect has been observed also in our trial, since after application of NPK only the two most frequent species (Claroideoglomus claroideum and Rhizophagus fasciculatus) were present in the trap culture ( Table 3 ). The limited root colonization and diversity of species present after the treatment with Manure was partly unexpected since farmyard manure does not seem to suppress AMF and may even stimulate them [50] [55]- [57] . However, overuse of organic amendments, especially those high in P, may impact negatively on AMF and the precise effect of organic amendments has been shown to be unpredictable on any given soil or with any particular amendment [58] [59] . Fertilisation may also select AMF species that are inferior in terms of providing a benefit to the host [60] .
Root growth and morphology was strongly affected by the different treatments. The humic extract from vermicompost (Humus UP) and the microbial consortium (Micosat), which were characterized by the lowest content of nutrient elements, induced the highest root growth ( Table 6 ). In case of the microbial consortium, this effect can be due to the growth promotion effect of the bacteria species present and/or to the positive effect derived from the high root colonization by the mycorrhizal fungi (Table 3) . Nevertheless, it is interesting to note that only two AMF species were isolated by the trap cultures of the rhizospheric soil treated with both products and among them was present the ubiquitous Claroideoglomus claroideum. We can hypothesize that in case of Micosat the addition of the consortium formed of PGPR and other beneficial microorganisms has well interacted with the autochthonous AMF species of the soil to provide an improved growth of the plants. Such effect has been reported by several authors with different plants [12] . The application of Vinassa resulted also in an increased root growth in comparison to control ( Table 2 and Table 3 ). The positive effect of Vinassa on root development has been proved also in other crops [61] .
The different products induced modification also of the root system morphology. Two products provided as foliar sprays (i.e. BF Quality and BF Amin) induced a limited development of the root system, similarly to the control or NPK treatment, particularly of the number of root tips ( Table 2) . Plants treated with seaweed extract have been reported to show changes in the root system architecture [62] . Application of foliar fertilizers, similarly to that of the current experiment, was shown to modify both the rhizosphere pH and the root growth [63] . Leaf applied amino acids from plant extracts can be utilized in leaf blades and not transferred into roots, causing no effects on root growth [64] .
The treatment with Micosat, a consortium of AMF and other rhizosphere microorganisms, increased the development of roots and root branching ( Table 6 ). Norman et al. [65] observed that strawberry plants cv. "Elsanta", "Cambridge favourite" and "Rhapsody" inoculated with AMF increased root weight, and root colonisation, three months after inoculation. Inoculation increased number of root branches, especially for "Elsanta" and "Rhapsody". Only "Cambridge favourite" inoculated with Glomus fasciculatum has not increased branching.
The effect of titanium, the only nutrient present in the product Tytanit, is mainly related to the increase photosynthetic efficiency [66] , therefore we hypothesize that its effect on root growth can be linked to the general better development of the plant even with only half dose of soil nutrient availability.
The correlation found among root diameter, surface area and mycorrhizal frequency (Figure 2) is underlining the effect of AMF inoculation on root morphology [34] . Similarly, the negative relations found between the amount of nutrients and root growth parameters and mycorrhizal inoculation is confirming the negative effect of mineral fertilization on the growth of the root system and on the establishment of the mycorrhizal symbiosis [54] .
The number of AM fungal spores recovered from the soil was within the range of spore densities found in other cultivated agricultural soils, both conventionally and organically managed, [67] - [70] . However, it is also clear from our results that the application of organic fertilizers does not necessarily result in large numbers of AM fungal spores in absolute terms. Even though the lowest number of spores was observed in NPK fertilized and in Tytanit treatments, only the application of the vermicompost extract Humus Active induced a significant increase of spore formation ( Table 5) . Spore formation is a process that is normally increased under conditions of low availability of mineral nutrients [71] [72] . Therefore, we can hypothesize that the conditions of plant growth were sufficient to support the growth of the hyphae without switching into the production of resistance organs such as spores. On the other hand, consistent with this hypothesis, the treatment with Humus Active provided the lowest amount of nitrogen and phosphorous and induced the lowest root growth, while inducing very much inoculation and sporulation of AMF ( Table 2, Table 3 and Table 5 ). Nevertheless, even though there has been some reports about the factors impacting on spores numbers and colonization [73] , the two group of species that produced on average the highest number of spores (i.e. C. claroideum and F. mosseae with or without R. fasciculatus) were not associated with a specific treatment, thus not possible to relate to their effect (Figure 1) . These results also confirm the fact that spore numbers are not a good indicator of the colonisation potential of a soil [67] [69] .
The different treatments affected also the species of mycorrhizal fungi present in the rizhosphere ( Table 4 ). The most frequent species found in our trial, F. mosseae, is the third most frequently occurring arbuscular fungal species in Poland and it markedly preferred cultivated soils [74] . The species was missing only in the rhizosphere of untreated plants and when plants received mineral fertilization (Table 4) . However, also the other species that were isolated from the rhizospheric soil of strawberries are very frequent species in Poland [29] [74] . Interestingly, both Funneliformis caledonium and S. dipurpurescens, which were found only when manure was singly applied to the soils, are found particularly in sandy soils [74] , where the presence of organic matter is critical to plant growth.
The research about influence of bioproducts mentioned above on soil mycorrhizal communities of strawberry plants will be carried out in field conditions.
Conclusion
The influence of the different products on the development of AMF symbiosis in "Honeoye" strawberry plants and on the resulting root development could be related to their chemical and biological characteristics. The bioproducts based on vermicompost extracts (Humus Active and Humus UP) and the yeast stillage (Vinassa) had the greatest positive influence on the colonization of roots by AMF. The different treatments affected the diversity of AMF species present in the rhizospheric soil, which could be considered as an additional feature for assessing the effect on the soil biodiversity due to these agronomical means. Generally, all organic products positively affected root growth characteristics, even in comparison to the standard mineral fertilization (NPK), but some of them (e.g. Humus UP, Vinassa and BF Quality) were on average more efficient than others.
